We have investigated the mechanism by which cultured endothelial cells generate L-arginine (L-Arg), the substrate for the biosynthesis of endothelium-derived relaxing factor. When Arg-depleted endothelial cells were incubated in Krebs' solution for 60 min, L-Arg levels were significantly (9.7-fold) elevated. The generation of L-Arg coincided with a substantial decrease (90%) in intracellular L-glutamine (L-Gln), whereas all other amino acids were virtually unaffected. Changes in calcium, pH, or oxygen tension had no effect on L-Arg generation, which was, however, prevented when the cells were incubated in culture medium containing L-Gln. The Arg-Cit cycle appears to be the equivalent in the endothelial cell to the formation of urea by the liver. The biosynthesis of endothelium-derived relaxing factor may, therefore, not only produce a powerful vasodilator but also relieve the endothelial cell of excess nitrogen.
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Endothelium-derived relaxing factor (EDRF) has been identified as nitric oxide (NO) or a closely related molecule derived from the guanidino group of L-arginine (L-Arg) (1) (2) (3) . Its biosynthesis involves a cytosolic (4) or microsomal (5) calcium/calmodulin and NADPH-dependent monooxygenase, which catalyzes the conversion of L-Arg to L-citrulline (L-Cit) and NO, or an intermediate giving rise to NO formation. Similar enzymes have been identified in cytotoxic macrophages (6) and various regions of the brain (7, 8) .
Interestingly, L-Arg relaxes freshly isolated vascular preparations and potentiates the release of EDRF from cultured endothelial cells only when these tissues and cells are deprived of L-Arg for 24 hr (3, (9) (10) (11) (12) . These findings indicate that the endothelial L-Arg pool (0.1-0.8 mM in cultured compared with 2-4 mM in freshly isolated endothelial cells; refs. 11-13) can be depleted and that its availability then becomes rate-limiting for EDRF biosynthesis. Little is known about the pathway(s) by which the endothelium synthesizes or metabolizes L-Arg. We have found (11) that cultured endothelial cells generate L-Arg from an intracellular source and that this process is linked to the release of EDRF. They can also convert L-Cit to L-Arg (13), and we proposed that this pathway may help endothelial cells to maintain sufficient levels of L-Arg during periods of prolonged EDRF release (14) . We have now investigated the mechanism by which endothelial cells generate L-Arg and whether urea cycle intermediates play a role in L-Arg biosynthesis. (200 ,ul) were incubated at 37°C for periods of 2-60 min in oxygenated (95% 02/5% C02) Krebs' solution (total volume, 1 ml). In some experiments, a mixture of protease inhibitors was added consisting of (final concentration) amastatin (50 pAg/ ml), aprotinin (50 ,ug/ml), bestatin (5 ,ug/ml), captopril (50 ,ug/ml), leupeptin (50 ,ug/ml), phenylmethylsulfonyl fluoride (0.5 mM), phosphoramidon (5 ,ug/ml), and trypsinchymotrypsin inhibitor (50 ,ug/ml). Incubations were terminated by removing 100 ,ul of cells, which was extracted with 500 ,ul of ice-cold methanol and centrifuged for (9 vol) , and two 100-.lI portions of cells were extracted with methanol (500 1l). The remaining cells were incubated for 60 min at 370C in Krebs' solution without L-Gln (total volume, 6.5 ml) followed by extraction of another two portions of cells. Samples were processed for HPLC analysis as described above. The HPLC fraction (1.5 ml) of each sample corresponding to L-Arg was collected, radioactivity was measured in a Beckman LS 3801 liquid scintillation counter, and the specific activity of intracellular L-Arg was expressed as dpm/pmol. Endothelial Cell Homogenates. Homogenates from Argdepleted endothelial cells were prepared as described in ref. 16 . A 100-;,l portion was diluted with Krebs' solution (total volume, 250 ,l) and either extracted directly with methanol (5 vol) or incubated for 60 min at 37°C. Incubations were terminated by adding 1.25 ml of methanol and samples were processed for HPLC analysis as described above.
MATERIAL AND METHODS
Determination of Ammonia and Urea Formation by Endothelial Cells. Ammonia and urea concentrations were determined by using Sigma diagnostics kits no. 170-UV and 66-UV, respectively.
Determination of L-Arg Levels in Bovine Aortic Smooth
Muscle and J774 Cells. Smooth muscle explants were prepared from bovine aortas after removal of the endothelium and adventitia as described (17) . After 4 weeks in DMEM containing 4 mM L-Gln and 10% FCS, smooth muscle cells had grown from the explants. These were removed and the cells were grown to confluence within 1 week, and then continuously passaged in a ratio of 1:4. Cells used in this study were taken from passages 3 to 9 and seeded onto 6-well tissue culture plates (Flow Laboratories). They were identified as smooth muscle cells by positive immunostaining for a-actin by using a Sigma SIH903 diagnostics kit. After reaching confluence (2.5 x 106 cells per well), the cells were cultured either in DMEM or in Arg-free MEM for 24 hr without FCS. The medium was aspirated and the cells were washed five times with Krebs' solution (2 ml). They were then harvested with the aid of a rubber policeman either directly or after a 60-min incubation in 1 ml of Krebs' solution at 370C in an incubator. The cells were centrifuged for 2 min at 1000 rpm in a MSE Centaur 2 centrifuge, the supernatant was aspirated, and the cells (resuspended in 100 Al of Krebs' solution) were extracted with 500 Al of methanol. Samples were processed for HPLC analysis as described above.
The mouse monocyte-macrophage cell line J774.2 (ECACC no. 85011428) was obtained from the European Collection of Animal Cell Cultures (Salisbury, U.K.), certified to be mycoplasma-free at the time of purchase. The cells were cultured as a semisuspension in DMEM containing 4 mM L-Gln and 10% FCS. After reaching 1-2 x 106 cells per ml, the cells were either cultured in DMEM without FCS or in Arg-free MEM without FCS for 24 hr. They were then washed five times with Krebs' solution (25 ml) and 1 X 106 cells in 100 Al were extracted with methanol (500 /l) either directly or after a 60-min incubation in Krebs' solution (total volume, 1 ml) at 370C. The cells were centrifuged for 2 min at 1000 rpm and resuspended in 100 /4 of Krebs' solution to which methanol (500 /l) was added. Samples were processed for HPLC or TLC analysis as described above.
Statistical Analysis. Results are shown as mean ± SEM for n experiments. Student's unpaired t test was used to determine the significance of differences between the means, and a P value of <0.05 was taken as significant.
RESULTS
Changes in the Amino Acid Pattern of Endothelial Cells. When Arg-depleted endothelial cells were transferred from Arg-free MEM to Krebs' solution or a similar physiologic buffer [e.g., Hanks' balanced salt solution (HBSS)], there was a significant increase after 60 min in intracellular L-Arg (9.7 ± 1.7 times from 33 + 4 ,M to 213 + 22 ,M; n = 30) but not L-Cit (1.2 + 0.1 times increase from 52 ± 7 AM to 61 ± 9 uM; n = 21). The generation of L-Arg coincided with a substantial decrease (90 + 3%) in intracellular L-Gln (n = 15), whereas all other amino acids, except L-lysine (2.8 ± 0.8 times increase from 195 + 41 ,uM to 493 + 91 ,uM; n = 4), remained unchanged. L-Arg levels increased to the same extent when the cells were incubated in calcium-free Krebs' solution containing 0.1 mM EDTA and/or the intracellular calcium scavenger 3,4,5-trimethoxybenzoic acid 8-(diethylamino)octyl ester (TMB-8; 0.1 mM) (n = 3). Incubations in HBSS (pH is insensitive to CO2 gassing; n = 3) or nonoxygenated Krebs' solution (n = 3) also did not affect the generation of L-Arg, which was abolished (97 ± 5% inhibition; n = 3) when the cells were incubated in MEM containing L-Gln or when FCS was added to the Krebs' solution at 10o The formation by Arg-depleted endothelial cells of L-Arg from L-Cit but not from L-Argsucc was puzzling and, therefore, we prepared homogenates from these cells to test the possibility that, due to its amphiphilic nature, L-Argsucc may not be transported or diffuse through the plasma membrane. Indeed, homogenates metabolized L-Argsucc (100 ,tM) to L-Arg (7.8 ± 2.8% conversion after 60 min; n = 7) but failed to produce L-Arg from either L-Cit (50 ,uM) or L-Orn (50 ,uM) alone or in the presence of L-Asp (100 ,uM) or N-acetyl-Lglutamate (100 ,uM), respectively (n = 3 for each).
Arg-depleted or nondepleted endothelial cells did not con- Fig. 1 ). Whereas the metabolism of MeArg produced a similar net increase in L-Arg (9.8 ± 2.7% conversion) and L-Cit (6.6 ± 1.9% conversion), homogenates of Arg-depleted cells as well as nondepleted whole cells prcduced only L-Cit from MeArg [11.7 ± 4.2% (n = 4) and 11.9 ± 6.4% (n = 3) conversion].
Recycling of L-Cit to L-Arg During EDRF Biosynthesis. When transferred to Krebs' solution, nondepleted endothelial cells also showed an increase in L-Arg (4.5 ± 1.1 times from 160 ± 21 ,uM to 641 ± 125 ,uM after 60 min; n = 6), whereas L-Cit levels were not significantly affected. In a different set of experiments, these cells were incubated in Krebs' solution for 2-60 min, in the absence (control incubation) or presence of the calcium ionophore A23187 at 1 ,uM (to stimulate EDRF biosynthesis). There was a timedependent increase in L-Arg (2.5 ± 0.8 times after 60 min; n = 3) but not L-Cit (Fig. 2) in control cells. The calcium ionophore elicited not only a more pronounced increase in L-Arg (4.5 ± 0.4 times after 60 min; n = 3) but also, after a short lag phase, a transient increase in L-Cit. Coincubations of A23187 with L-Arg (10 ,uM) led to an immediate increase in L-Cit, which was similar in magnitude and duration to that with the ionophore alone, whereas L-Arg levels were only marginally elevated (1.4 ± 0.2 times after 60 min; n = 3). In (Fig. 3) , and coincubation of ti with the protease inhibitors completely prevente age. Moreover, Arg-containing dipeptides were potentiate basal and stimulated EDRF release fi endothelial cells (data not shown).
Generation to L-Arg. High concentrations of several amino acids are 50 min when known to inhibit the activity of argininosuccinate synthetase, bs' solution which is also subject to both product and substrate inhibition lepleted and (20) (21) (22) Under quiescent conditions, ammonia may be incorporated into L-Arg but will predominantly be released. The increased demand for L-Arg during EDRF biosynthesis, however, may ultimately lead to the excretion of ammonia as NO. If this hypothesis is correct, then the biosynthesis of EDRF could serve two functions, the formation of a powerful vasodilator (physiologic) and the removal of excess nitrogen (metabolic).
Our experiments in which protease inhibitors reduced the generation of L-Arg by =50%6 suggest that the Arg-Cit cycle is not the only source of intracellular L-Arg. Some may enter the cell from exogenous sources ([Arg]0) but some may also be derived from peptidyl L-Arg (X-Arg) or L-Cit (X-Cit).
The presence of a dimethylarginine deiminase (step 4; ref. 27) in endothelial cells (13) is particularly interesting, as we could not detect any other deiminase activity [e.g., for L-Arg The amino acid pattern of cultured smooth muscle cells was similar to that of endothelial cells, but L-Arg levels decreased upon incubation in Krebs' solution. We conclude from these differences that the metabolism of L-Arg may be of special significance for the biosynthesis of EDRF by endothelial cells, which is probably different from the formation of NO by most other cells in that it is an immediate response to cell activation and does not require enzyme induction.
